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DETERMINATION OF EFFECTS OF OXTDATION ON
PERFORMANCE OF CHARRING ABLATORS

By Marvin B. Dow and Robert T. Swann
Langley Research Center

SUMMARY

An investigation of phenolic-nylon specimens was conducted in an atmospheric-
pressure subsonic electric-arc-powered Jjet using gas streams of nitrogen and dif-
ferent oxygen concentrations. No char removal was observed for specimens tested
in nitrogen; therefore, oxidation appears to be the only mechanism of char removal
for these specimens. With sufficiently high heating rates and low total heat
input, the results can be correlated in terms of a diffusion limited mechanism.
The results of tests with larger total heat input are discussed.

A surface energy balance of the heat input and of the heat accommodated by
various mechanisms is calculated. With oxygen concentrations of 11.5 percent and
higher, it was found that the heat input resulting from combustion is a signifi-
cant part of the total heat input.

The effectiveness of a charring ablator as determined by the time required
to achieve a certain back surface temperature rise is strongly influenced by the
oxygen concentration in the test stream. The effectiveness of phenolic nylon
tested in nitrogen is more than 70 percent higher than the effectiveness of the
same material tested in air.

INTRODUCTION

Vehicles entering the earth's atmosphere at high velocities are subjected to
severe heating. A number of methods are available for protecting the interior of
a reentering spacecraft. In general, charring ablators, subliming ablators, and
melting ablators provide the most effective thermal-protection systems. Of these,
the charring ablator is superior for a wide range of applications, including the
stagnation area of manned reentry vehicles.

The performance of a charring ablator at the stagnation point of a vehicle
entering the earth's atmosphere at hyperbolic velocity is analyzed in reference 1.
The principal difficulty encountered in such an analysis is the lack of knowledge
concerning the mechanism of char removal. The mechanisms of char removal postu-
lated in reference 1 are shear and thermal stresses, internal or external pres-
sure, and oxidation.



Removal of char as a result of internal pressure has been investigated ana-
lytically. (See ref. 2.) The results of this study indicate that for some mate-
rials the char will build up to a certain thickness and then be blown off by the
internal pressure and thermal stresses. Studies of the removal of char by aerody-
namic shear are not available. Results of a detailed experimental study of char
formation and removal are presented in reference 1. The tests were conducted in
a subsonic atmospheric-pressure electric-arc-powered Jet. Under these conditions,
for the material tested the general feature of char removal as a result of inter-
nal pressure was not observed. The analysis of reference 3 indicates that the
results of reference 1 are consistent with an oxidation mechanism of char removal
which in some instances may be diffusion controlled.

Speculation as to the effects of oxidation on the char formation and removal
for the materials tested in the investigation of reference 1 made it desirable to
conduct an experimental study of similar materials with the same test facility
and control the oxygen concentration of the arc jet.

In the present paper, the results of such a study are presented. Some pre-
liminary results from this study were presented in reference 4. A typical char-
ring ablation material was exposed to a high-temperature arc-jet stream of con-
trolled oxygen content to investigate the effect of oxygen concentration on the
material char removal, depth of pyrolysis, surface temperatures, surface energy
balance, and ability of a given weight of material to limit back surface tempera-
ture rise. Data were obtained from tests in which the oxygen concentration was
varied from O to 50 percent by weight. Two ranges of convective heat-transfer

rate were used in testing, the ranges being 108 to 121 ——EEE—— and 171 to
ftz—sec
Btu Lo
193 — In addition, the results of char removal were correlated in terms
ft"-sec

of the rate at which oxygen diffuses through the boundary layer to the surface.

SYMBOLS
C concentration of oxygen
E:L
Ce
- O .
E effectiveness, Heat input before 300° F rise
Welight of material
p..
f volatile fraction, ——?rgg
H total enthalpy
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Ha

de,o0

ar

Ze

Zp

H - Hy
He - Hy

heat of ablation

heat absorbed by surface per unit of mass injected into boundary layer

heat of combustion per unit weight of char

rate of mass transfer into boundary layer

rate of char removal

rate at which oxygen diffuses to surface

rate of formation of gaseous products of pyrolysis
Lewis number

Prandtl number

Schmidt number

integrated heat input

convective heating rate with mass transfer

convective heating rate with no mass transfer

net radiant heating rate
combustive heating rate

velocity in boundary layer parallel to surfaée
velocity in boundary layer normal to surface
weight of heat-shield material

boundary-layer coordinate parallel to surface
boundary-layer coordinate normal to surface

char thickness

depth to which pyrolysis has penetrated from initial surface location




transpiration factor

A weight of char removed per unit weight of oxygen diffusing tb.surface
") viscosity

p density

Pe char density

po! density of boundary-layer fluid

Subscripts:

e condition in flow external to boundary layer

w wall value

TEST MATERTAL AND PROCEIURES

Test Material

The test material was a mixture of equal parts by weight of phenolic resin
and powdered nylon with a density of 75 pounds per cubic foot. Test specimens
consisting of 3-inch-diameter flat-face cylinders of different thicknesses were
machined from large blanks of phenolic nylon.

Prior to testing, the specimens were attached to a brass mounting ring as
shown in figure 1. The specimens used in determining the ability of the material
to limit back surface temperature rise were instrumented as shown in figure 1.
The specimens used to determine the effects of oxidation were uninstrumented.

Test Procedures

Tests were performed by exposing the 3-inch-diameter fronl face of the speci-
mens to the high-temperature gas stream produced by the 2500-kilowatt arc Jjet at
the Langley Research Center. This facility is described in reference 5. It pro-
duces a subsonic gas stream at atmospheric pressure having a static temperature
of about 6,400° F and a constant enthalpy of approximately 3,000 Btu/lb. The
photograph of figure 2(a) shows the arc-jet facility with a specimen in the test
position.

The specimens were attached to the water-cooled sting of a movable inserter
(fig. 2(a)) by means of the brass holders shown in figure 1. The removable
inserter positioned the specimen after the arc jet had been started and the proper
operating conditions had been established. All specimens were tested with the
front face initially a distance of 2 inches from the top edge of the nozzle.
Measurements of the "cold-wall" heat-transfer rate were made immediately before

4
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Figure 1.- Instrumented test specimen showing brass mounting ring and instrumentation.

and after specimen exposure by means of a 5/8—inch-diameter water-cooled heat-
transfer-rate probe shown in figure 2(a). Construction details and operation of
the probe are described in reference 5. The heat-transfer rates measured by the
probe were adjusted to give the heat-transfer rates at the stagnation point of the
3-inch-diameter specimens by means of an experimentally determined correction
factor.

The free-stream temperature of the jet was measured at a height of 2 inches
above the nozzle. The temperature was measured spectrographically by an atomic-
line-intensity ratio method by using the electronic excitation spectrum of copper
that appears in the gas caused by the small contamination from the arc-jet elec-
trodes. This temperature-measuring technique is discussed in detail in refer-
ence 6. Determinations of the stream temperature were made before and after
specimen exposure.



Specimen

Infrared radiometer
sensing head

(a) Arc-jet test setup. 1-6k-352

Figure 2.- Test facility.

During testing, a continuous record of specimen surface emission was obtained
for some of the specimens through the use of an infrared radiocmeter. The sensing
head of this instrument, as shown in figure 2(a), was focused on the stagnation
point of the specimen surface as close to the vertical as possible in order to
minimize the effect of the target displacement due to specimen surface regression.

To allow testing in an arc-jet stream with controlled oxygen content, the
normal air supply for the arc Jjet was modified to permit operation with varying
percentages of oxygen and nitrogen. The gas supply system and the instrumenta-
tion for controlling and measuring the flow of gases to the arc jet are shown
schematically in figure 2(b). The mass flow rate of gas (0.35 pound per second)
was the same for all tests regardless of gas composition.

Two ranges of heat-transfer rate were obtained by using a 2-inch- or a
h-inch-diameter nozzle. The gas stream from the 2-inch-diameter nozzle had a

6
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3-inch-diameter specimens in the
gas stream from this nozzle were
of the "splash" type in which
the hot gas heats the specimen
front surface but is deflected
away from the sides so that very
little heating occurs on the
specimen sides. The gas stream
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had a velocity of approximately
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in substantial heating on the
specimen sides.

(b) Gas supply system.

Figure 2.- Concluded.

The specimens used to determine char-removal rates and pyrolysis depths were
exposed to the arc-jet stream for fixed time intervals. After testing, the thick-
ness of material removed at the stagnation poirit of the specimen was determined
by measuring the overall thickness of the specimen and subtracting the measurement
from the previocusly measured thickness of the specimen beforge testing. The depth
of pyrolysis in each specimen was determined from a diametrical section. The dis-
tance to the char—virgin-material interface was measured from the back surface of
the specimen and the distance was subtracted from the specimen thickness before
testing to provide a measure of pyrolysis depth.

The specimens used to determine the ability of the material to limit back
surface temperature rise were all of equal thickness and were exposed to the gas
stream until the copper calorimeter at the back of the specimen (fig. 1) experi-
enced a temperature rise of 300° F. The time required for the temperature rise to
occur was determined from oscillograph recordings. This type of test was con-
ducted only with the 2-inch-diameter nozzle.



ANALYSIS

Char removal by oxidation depends on the reaction rate and on the concentra-
tion of oxygen at the surface. For the case in which the reaction rate is high
and the oxidation process is controlled by the amount of oxygen diffusing to the
surface, it is shown in the appendix that the rate of char removal by oxidation is

0.6
?\CeN q .
m = me T Nitp (1)
0.6\He - Hy
1+ 7\T]CeNLe

Equation (1) applies to the case in which all the available oxygen reacts with
the char and none reacts with the gaseous products of pyrolysis. The validity of
this agsumption can be determined only from a detailed aerothermochemical analysis
of the boundary layer or from a comparison of experimental results with the result
given by equation (1).

The rate at which heat is added to the surface as a result of combustion is

9 = 1r;chhl (2)

where Ahy 1s the heat of combustion per unit weight of char consumed. Since

the reaction appears to be a surface reaction, it is assumed in equation (2)
that all the heat generated by the oxidation reaction is absorbed by the
surface.

RESULTS

The general features of the effect of oxidation on the performance of char-
forming ablators are shown in figure 3. The specimens shown in figure 3 were
tested under the same conditions except for the oxygen concentration in the arc-
jet stream. Since the tests were conducted with the L-inch arc-jet nozzle, the
specimens were immersed in the stream and, as a consequence, experienced consider-
able heating on the sides. The main point of interest is that specimen 22, which
was tested in the absence of oxygen, maintained a completely flat surface, the
change in depth probably resulting from shrinkage of the char during formation.
The effect of increased oxygen concentration, as evidenced by specimens 16 and 17
of figure 3, is to increase greatly the amount of material removed and to decrease
the thickness of the carbonaceous char layer. It would appear from the qualita-
tive differences between the specimens tested in a stream containing only nitrogen
and those tested in a stream containing oxygen that char removal occurs only when



there is oxidation. The results
of more detailed tests are pre-
sented in subsequent sections.

Char Formation and Removal

The results of two investi-
gations of char formation and
removal are summarized in
table I. The details of the
tests in regard to oxygen concen-
tration, heat-transfer rate, and
exposure time are also given for
each specimen. The test condi-
tions for the two series differ
primarily in heating rate; some
of the tests were conducted with
the 4-inch arc-jet nozzle and

L-62-101 . . .
(b) Test 17; Ce = 0.10. (c) Test 16; Ce = Q2523 some with the 2-inch arc-jet noz-

(air). zle. Some data are also included
from reference 7.

Figure 3.- Effect of oxygen on char removal. Test

material, phenolic nylon; heat-transfer rate,

109 to 110 Btu/ftz-sec; nozzle size, 4 inches; Depth of pyrolysis.- The

exposure time, 300 seconds. Borders around experimentally measured depths

specimens indicate original specimen size. of pyrolysis are shown in fig—

ure 4 plotted as functions of

total heat input. Definition of the depth to which pyrolysis has penetrated is
discussed subsequently. The total heat input is the product of heat-transfer rate
and time and thus is proportional to test duration. The curves of figure 4 indi-
cate that the depth of pyrolysis is approximately a linear function of total heat
input after a total heat input of about 4,000 Btu/ftg. The curves of figures U4(a)
and 4(b), which present the results of tests with the 4-inch and 2-inch nozzles,
respectively, show that the depth of pyrolysis for a given total heat input
increased with increasing oxygen concentration. However, a comparison of fig-
ures 4(a) and 4(b) shows that the depth of pyrolysis which has occurred with a
given total heat input and oxygen concentration is relatively insensitive to heat-
transfer rate for the range of values for which a comparison can be made.

Char removal.- The experimentally determined thicknesses of char removed are
shown in figure 5 plotted as functions of total heat input. The thickness of char
removed 1s assumed to be equal to the difference between the initial specimen
thickness and the thickness of the specimen after testing; that is, the char
shrinkage is not considered. Since the amount of char shrinkage is proportional
to char thickness, the error involved in this assumption is less than the dimen-
sional changes shown in figure 3(a). Contrary to the results obtained for depth
of pyrolysis with a given total heat input and oxygen concentration, the thickness
of char removed is greater at the higher heat-transfer rates. (See figs. 5(a)
and 5(b).) As shown in figures 5(a) and 5(b), the thickness of char removed
increases fairly uniformly with increased total heat input for the two investiga-
tions except for the low-oxygen-concentration (Ce = 0.116) tests with the 2-inch
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TABLE I.- OXIDATION TESTS

Test Char Pyrolysis
Specimen iirizzz Zis Hgiz}?%2f222’ duration, removed, depth,
sec in. in.
L4-inch-diameter nozzle
1 50 121 13.5 0.02 0.11
2 50 121 1h .02 J11
3 50 121 45 (a) .25
IR 50 120 90 .15 e}
5 50 117 120 .20 .48
6 23.2 D110 31 .03 .15
7 23.2 b110 31 (a) .15
8 23.2 b110 60 .ok .25
9 23.2 108 60 .06 .25
10 23.2 113 90 .08 .33
11 23.2 108 120 .12 Lo
12 23.2 b110 122 11 e
13 23.2 b110 180 .22 .58
1k 23.2 110 180 (a) .58
15 23.2 b110 241 .29 .65
16 23.2 110 300 L2 77
17 10.0 110 300 .25 .68
18 0 113 31 ¢.00 .13
19 0 113 61 c.02 .22
20 o] 113 95 c.ok .28
21 o] 108 120 c.00 .28
22 0 109 300 c.07 .55
23 0 117 300 (a) .55
2-inch-diameter nozzle

1 50 192 20 0.08 0.20
2 50 193 4o .18 .33
3 50 190 60 .27 43
I 50 191 90 Ll .60
5 50 190 120 .59 15
6 50 188 180 .92 1.07
7 23.2 175 21 .oh .17
8 23.2 175 41 .08 .27
9 23.2 174 51 .12 .31
10 23.2 177 61 .16 .33
11 23,2 174 76 .21 pTe)
12 23.2 174 91 .28 A6
13 23,2 175 91 .29 )
1k 23.2 181 120 b5 .59
15 23.2 17h 121 Ja .57
16 23.2 174 150 .54 .69
17 23,2 171 180 an .82
18 11.6 180 4o .07 .25
19 11.6 175 50.5 .09 .28
20 11.6 175 75.5 .13 37
21 11.6 17k 90 .18 .43
22 11.6 174 121 .31 .50
23 11.6 173 150.5 .43 .58
2k 5.8 180 150.8 .30 .53
25 0 174 132 (a) Lk

12

8Measurement not obtained because of char-layer separation.

bData from reference 7.
¢Indicates amount of char shrinkage.




nozzle. (See fig. 5(b).) For these tests the rate of char removal increases
rather abruptly at a total heat input of about 15,000 Btu/ftg.

Char thickness.- The difference between the depth of pyrolysis and the thick-
ness of char removed is the char thickness; that is, it is the thickness of char
which is available to insulate the unpyrolyzed material from the external environ-
ment. In figure 6 the char thickness is plotted as a function of total heat
input. Figure 6(a) shows the char thickness produced at the lower heating rate
is a monotonic increasing function of total heat inputs to about 20,000 Btu/ftz.
For greater total heat inputs, the available data indicate that the char thick-
ness approaches a constant value for tests in air (Ce = 0.232) and continues to
increase for tests in nitrogen (Ce = 0). At the higher heating rate (fig. 6(b)),
the char thickness for tests in a high oxygen concentration (Ce = 0.50) quickly
reaches a constant value. For the tests at a lower oxygen concentration
(Ce = 0.232 and 0.116), the char thickness increases with total heat input until
a maximum thickness is reached at a heat input corresponding to the increase in
char-removal rate. With further increases in total heat input, the char thick-

ness decreases to the thickness obtained in tests at high oxygen concentration
(Ce = 0.50).

Correlation of Char-Removal Rates With a Diffusion
Limited Oxidation Mechanism

The experimentally determined thickness of char removed has been plotted in

figure 5 as a function of total heat input. From equation (l) it is found that
the slope of this curve is

0.6
dz. ACelLe 1

= (3a)
d

8 oo (e - )

1 - f+ MCellfe |1 - £[1 - =

dz.

if the char is removed as a result of a diffusion limited oxidation mechanism.

If the linear rates of pyrolysis and of char removal are assumed to be equal,
equation (3a) can be written as

0.6
dz NCelNr,e 1
dQc = — (3b)
1 - £+ MCelly, Q(He - HW)
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The errors involved in this assumption are discussed later. The values of Cg
and He - Hy were determined for each test as part of the test procedure. The

density of the original material p is known and it has been assumed that the
value of A is 3/4 for diffusion limited oxidation. (See appendix.) Before
values of the slope can be calculated from equation (3b), 7, f, and Nie must

be evaluated.

The value of the transpiration coefficient 7 depends on the molecular
weight of the injected gases and on the character of the boundary-layer flow. It
has been experimentally determined that for Teflon the value of 1 1is approxi-
mately 0.42 for laminar flow and 0.19 for turbulent flow. (See refs. 8 and 9.)
It was determined that with the 2-inch nozzle the transpiration factor for Teflon
has a value corresponding to that for turbulent flow. In a similar test with the
L-inch nozzle, the transpiration factor was found to be between the value for
laminar flow and the value for turbulent flow. Such turbulence might arise from
the a-c arc and might exist in the viscid flow. No determination of the com-
position of the injected gases was made. However, mass transfer is relatively
ineffective in blocking aerodynamic heating in turbulent flow and a value
71 = 0.2 was used. This value corresponds to air injection in turbulent flow.
The Lewis number was assumed to be unity.

The appropriate value of f depends on the char density at the surface.
The char layer is relatively thin and fragile, and it has not been possible to
obtain values of the density except for averages through the entire char thick-
ness. In most cases, the average specific gravity of the material in the char
layer was 0.485 although in certain cases discussed subsequently the specific
gravity was 0.43. When the specific gravity of the char is equal to 0.485, the
value of f 1is 0.60.

The blocking of heat input which is achieved by the gases transpired into
the boundary is a relatively small factor in these tests because of the turbulent
flow conditions mentioned previously. Likewise the effect of mass transfer on
the quantity of oxygen diffusing to the surface is small. Examination of equa-
tion (3a) shows that for the existing test conditions, large changes in the ratio
of the rate of pyrolysis to the rate of char removal have little effect on the
value for dzc/dQ; therefore, the assumption of a quasi-steady condition as repre-
sented by equation (3b) cannot introduce a large error.

The experimental data from figure 5 have been replotted in figure 7 and
straight lines having the slopes given by equation (3b) have been fitted to the
data. The calculated char removal and experimental char removal at the lower
heating rates (108 to 121 Btu/ft2-sec) as shown in figure 7(a) do not agree, par-
ticularly for the tests with high oxygen concentration (Ce = 0.50). It appears

that a diffusion controlled char-removal condition was not produced in these
tests, probably because the test heating rates were too low to produce surface
temperatures high enough to provide the reaction rates required to obtain a dif-
fusion controlled condition. That is, there was more oxygen available at the
surface than was being consumed in the reactions and the process is rate
controlled.

15
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The comparison between calculated char removal and experimental char removal
at higher heating rates (171 to 193 Btu/ft2-sec) is shown in figure T7(b). For
the tests at high oxygen content (Ce = 0.50), the char removal again does not
appear to be diffusion controlled but rather rate controlled. The calculated and
experimental char removal for the lower oxygen concentration tests (Ce = 0.232

and 0.116) show good agreement at the lower total heat inputs up to about

16,000 Btu/fte. At higher heat inputs the experimental rate of char removal is
significantly higher than predicted, particularly for the lowest oxygen concen-
tration (Ce = 0.116). Although the experimental results indicate that char
removal in the test facility is a mechanism of oxidation, it is difficult to
reconcile this condition with rates of char removal greater than those predicted
on the basis of a diffusion controlled reaction. Factors such as changes in the
character of the heating and changes in char density must be considered. These
factors are discussed in more detail subsequently.

Surface Temperature Histories

Surface temperature histories are shown in figure 8. The 2-inch-diameter
arc-jet nozzle was used in these tests.
In general, the temperature is higher with
higher oxygen concentration in the test
stream. With oxygen in the test stream

36 —x10% - ]

~ Specifnen i3 (C, = 0.232)

32 - N _ = the surface of the specimen recedes and
T B the area viewed by the radiometer moves
al \“5ﬁdm%20‘%=0“® from the stagnation point toward the edge

28 ~~--Specimen 25 (C, = 0.0) of the specimen which is at a higher tem-

perature than the stagnation point. This
condition accounts for the erratic tempera-
ture measurements at longer times. Sig-
nificant dimensional changes occur more
slowly for the specimens tested in nitro-
gen; this temperature measurement does not
become erratic until char shrinkage causes
the area viewed by the radiometer to move
toward the edge of the specimen.

241 -

|

Temperature, °F

Surface Energy Balance

The energy input at the surface of

h the test specimen must be accommodated by
48  __| _ ) a combination of three mechanisms: rera-
diation from the surface, blocking of heat
input by the gases transpired into the
boundary layer, and conduction to the

o 10 20 30 40 50 60 : ;
Time, sec material behind the surface. In the tests
reported herein, the heat input consisted
Figure 8.- Surface temperature histories of the convective heating plus the heating

for tests with 2-inch are-jet nozzle. of the surface resulting from combustion

of the char.
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The heat inputs and the heat accommodated by each mechanism of energy are
shown in table II for tests in nitrogen, in 1ll.6-percent oxygen, and in
23.2-percent oxygen. The tests were made with the 2-inch arc-jet nozzle. The
measured cold-wall heating rate is reduced by a factor of 1/5 by the hot-wall
correction. The combustive heating was calculated by using the assumptions that
all the char which is removed reacts with oxygen to form carbon monoxide and that
all the heat is absorbed by the surface. The reradiation component shown in
table II was measured directly by the infrared radiometer which had been cali-

brated with a high-temperature black body.

TABLE II.- ENERGY-BAIANCE TESTS WITH 2-INCH-DIAMETER NOZZLE

Specimen number . . . .« . . o« 4 e e a e e 4 s e 13 20 25
Gas composition, percent 02 . . . . . . . . . . . . 23.2(air) 11.6 0
Test time (measured), sec . . .« . « « .« « v« o o . . 15 15 30
Cold-wall heating rate (measured), Btu/ft®-sec . . 175 175 17k
Hot-wall heat input, Btu/ftZ-sec . . . . . . . . . 116 116 116
Combustive heat input, Btu/ftS-sec . . . . . . . . 35 25 0
Net heat input, Btu/ftZ-sec . « +« « « « v v « « . . 151 141 116
Heat reradiated (measured), Btu/ftg—sec e e e e 92 84 81
Heat blocked, Btu/fte-sec . . « . + « v « o « o . . 10 7 3
Heat absorbed, Btu/fte-sec . . « « « « « « « « . . 58 Lo 16
Total heat accommodated, Btu/ftS-sec . . . . . . . 160 133 100

From tests of Teflon models it appears that the flow is turbulent with the
2-inch nozzle; therefore, the heat blocked was calculated by using a transpira-
tion factor of 0.20. The heat absorbed includes the heat absorbed by the solid,
the heat of pyrolysis, and the heat absorbed by the gaseous products of pyrolysis.
It was assumed that 2,000 Btu/lb wvas required to raise the temperature of the
phenolic nylon to the surface temperature.

For the tests in air and 1l.6-percent oxygen, the difference between esti-
mated heat input and estimated heat accommodated is approximately 6 percent. For
the test in nitrogen, however, the estimated heat accommodated is about 14 percent
lower than the estimated heat input. The error of 14 percent is consistent with
the accuracy of the various measurements and assumptions used to prepare the
table.

Material Effectiveness

A convenient parameter for evaluating the relative thermal performance of
materials is defined as the total heat input to the surface before a temperature

18



rise of 300° F is experienced at the back surface divided by the weight of heat-
shield material; that is,

E = Q/W

The results of these tests are shown in table III and the data are plotted in fig-

ure 9.

TABLE IIT.- EFFECTIVENESS

When the oxygen concentration is near that of air, the effectiveness is

TESTS WITH 2-INCH-DIAMETER NOZZLE

1 Percent O Specimen | Specimen 9c,o0 forT;ggo F B
Specimen in test gs thickness, | density, )5 temperature Btu}lb
& in. 1b/cu ft | Btu/ft”-sec pe
rise
1 23.2 0.7509 75.26 17k 173 6,400
2 23.2 . 7504 75.21 175 175 6,510
3 11.6 . 7500 75.24 178 20k. k4 7,750
L 11.6 L7507 74,78 181.5 203 7,900
5 5.8 . 7510 75.20 176 225.5 8,320
6 5.8 L7517 75.14 175 219 8,150
7 0 L7502 75.35 178 298 11,290
8 0 L7502 75.21 177 297 11,190
not strongly influenced by oxygen
12 ~x103 _ - concentration. The effectiveness
increases with decreasing oxygen
concentration particularly at low
10 - oxygen concentration. The effective-
\\\\\ ness 1s more than 70 percent greater
8 g 5 for tests conducted in nitrogen than
for tests conducted in air
\ -
E, I —
Biu/ib ©
DISCUSSION
4
» Char Formation
Char is formed as one of the
products of pyrolysis of a charring
© o4 08 12 Ce 16 20 24 28 ablation material. When a material

Figure 9.- Effect of oxygen concentration on
thermal effectiveness of phenolic nylon.
Tests with 2-inch nozzle.

of this type, such as phenolic nylon,
is exposed to heat, several distinct
layers of material presumably corre-
sponding to different degrees of
thermal degradation can be identified.
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The specimens shown in the photographs of figure 10 evidence these distinct
layers of material. The specimen shown in figure 10(a) was tested in an arc-jet
stream containing 5.8-percent oxygen and the specimen shown in figure 10(b) was
tested in nitrogen. The following four layers can be observed in each photograph:

(1) A porous black layer which is easily identified as charred material

(2) A layer having a porous structure in which the nylon has apparently
decomposed into gaseous products

(3) A nonporous layer in which the nylon has apparently melted

(4) A layer containing the remainder of the material in which no visible
effects of heating can be detected

Separation frequently occurs between layers (1) and (2). (See fig. 10(b), for
example.) This condition suggests that the phenoliec resin is decomposing at this
interface and that the material has little structural strength at this plane.

The transition from layer (2) to layer (3) is abrupt as shown in both fig-

ures 10(a) and 10(b). The transition from layer (3) to layer (4) is less well
defined.

The question arises as to which of the interfaces between different layers
should be considered to be the depth to which pyrolysis has penetrated. In anal-
yses of the performance of charring ablators during reentry heating, it is fre-
quently assumed that all pyrolysis occurs at & single interface. On this basis,
the most logical definition of an experimental pyrolysis interface is the one at
which the largest percentage of pyrolysis occurs. Most of the nylon decowmposes
to yield gaseous products, whereas a large percentage of the phenclic remains as
a solid in the form of char. Therefore, if the interpretation of the layers
observed in figure 10 is correct, the pyrolysis interface should be defined as
the interface between layers (2) and (3); that is, the pyrolysis interface sepa-
rates the zone in which the nylon is melted from the zone in which it has decom-
posed. The measured values of depth of pyrolysis shown in table I are the dis-
tances from the original outer surface to the pyrolysis interface as defined
previously. This pyrolysis interface which was clearly defined in all spec-
imens tested alsc provides a good reference in experimental measurements.

Char Removal

To this point it has been established that in the low-enthalpy subsonic arc
Jjet used in the present investigation, char removal does not occur without oxida-
tion. With high oxygen content in the test stream and/or low heating rates, the
char-removal process is reaction-rate controlled. With low oxygen concentrations
and high heating rates, the process appears to be diffusion controlled. However,
under certain conditions the rate of char removal is greater than that predicted
on the basis of a diffusion controlled oxidation mechanism of char removal.
Insufficient data are available to explain this result completely; however, a
number of pertinent observations can be made.
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Photographs of specimens tested in streams of different compositions are
shown in figure 11. All the specimens were tested with the 2-inch-diameter nozzle
for about 120 seconds. The surfaces of the specimens tested in a stream con-
taining 50-percent oxygen (fig. 11(a), top view) present a uniform appearance
from the center to the edge. This condition is in contrast to the specimens
tested in streams of lesser oxygen content except for the specimen tested with no
oxygen which experienced no char removal. Apparently, when the stream has low
oxygen content, most of the oxygen is removed from the boundary layer when the
flow impinges on the center portion of the specimen. However, with the higher
oxygen concentration considerable oxygen remains in the boundary layer as it
flows outward from the stagnation point and the edge of the specimen is oxidized
in much the same manner as the center portion. This result further supports the
conclusion reached earlier that the char removal is reaction-rate controlled with
the higher oxygen concentration and diffusion controlled at lower oxygen
concentrations.

Examination of the surfaces of the specimens shown in figures 11(b), 1l1(c),
and 11(d) reveals an increasingly coarse grainlike structure as the oxygen con-
tent of the stream decreases. The surface of the specimen tested in nitrogen
differs considerably from any of the others. This surface condition may be the
limit to the trend exhibited in figures 11(b), 11(c), and 11(d). In addition to
the grain pattern near the center of the specimens, considerable irregularity is
observed near the edges of specimens shown in figures 11(b), 11(c), and 11(d).

The surface condition depends strongly on the test time. Specimens tested
about 90 seconds are shown in figure 12. The formation of the grain pattern is
barely evident at this time, even on the surface of the specimen tested in a
stream containing only l1ll.6-percent oxygen. Specimens tested for 90 and 120 sec-
onds in a stream containing ll.6-percent oxygen are shown in figure 13. The con-
trast between the surface conditions of these two specimens is obvious. A marked
decrease in char thickness occurred between 90 and 120 seconds for specimens
tested in a stream containing 11.6-percent oxygen. (See fig. 6(b).)

Because of the differences in the appearance of specimens tested for 90 sec-
onds (fig. 12), the physical properties of the char may be different. The rate
of char removal shown in figure 7 is based on changes in linear dimensions;
therefore, a change in the density of the char would result in a change in the
calculated rate of char removal. For chars similar to that shown in fig-
ure 13(b), the density was determined to be 11 percent less than that for other
chars such as those shown in figure 13(a). This is a change in the average
density of the char, and the change in density at the surface may be more or
less than this amount. The lack of agreement between calculated and measured
rates of char removal, which begins shortly after a test time of 90 seconds,
may result from these changes in the character of the specimens.

Material Effectiveness

The relative ability of various materials to limit the back surface tempera-
ture rise when the front surface is exposed to a given environment has been used
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Ce = 50 percent.

(d) Ce = 5.8 percent.

(e) Ceg = 0 percent.

L-64-355

Figure 11l.- Effects of stream composition on specimen physical characteristics for exposure times
of 120 seconds or greater. Tests made with the 2-inch arc-jet nozzle.
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(a) Ce = 50 percent. NCH

(b) Ce = 23.2 percent (air).

(¢) Ce = 11.6 percent. L-64-356

Figure 12.- Effects of stream composition on specimen physical characteristics for exposure times
of about 90 seconds. Tests made with the 2-inch arc-jet nozzle.

24



(a) 90 seconds. (b) 120 seconds. L-64-357

Figure 13%.- Effect of exposure time on surface condition of specimens tested with the 2-inch
arc-jet nozzle in a stream containing 1l.6-percent oxygen.

in screening test programs to evaluate the effectiveness of different materials
and to identify those materials which should be subjected to further study. (See
ref. 1.) Considerable caution, however, must be exercised in interpreting the
results of such tests. Results of tests of materials having surfaces which do
not react chemically with the test stream (for example, glass surfaces) may be
unaffected by the stream composition, whereas results of tests of materials having
surfaces which oxidize will be strongly influenced by the concentration of oxygen
in the test stream. Further, it is shown in reference 3 that in order to achieve
simulation of performance at high reentry velocity in the test facility used in
the present investigation, the oxygen concentration in the test stream should be
between 0.03% and 0.05. The extent to which the performance of different classes
of materials are affected by various environmental parameters must therefore be
considered when the relative effectiveness of materials of different classes is
evaluated, particularly when the test enviromment differs greatly from the flight
environment in which the material is to be applied.

CONCLUDING REMARKS

Oxidation effects are a major factor in the performance of char-forming
ablators such as phenolic nylon. Because of the differences in the dimensional
characteristics of specimens tested in air and in nitrogen, it is concluded that
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without oxidation there is no char removal by the gas stream of the arc-jet
facility at the operating conditions used in this investigation.

At high heating rates and with low total heat input for short test times,
the removal of char is a diffusion controlled process. At lower heating rates
the oxidation rate depends on the reaction rate. Apparently, all the available
oxygen reacts with the char. At longer test times the rate of char removal
appears to be greater than can be accounted for on the basis of oxidation. How-
ever, measured rates of char removal were based on linear measurements of the
surface location. The analysis used in the correlation of results is based on
the weight of char removed, and it is difficult to determine the density of the
char near the surface. Further investigation of the abrupt change in the rate of
char removal in tests is recommended.

For tests in gas streams having high oxygen concentrations, the heat input
to the surface resulting from combustion is a significant fraction of the total
heat input. When this heat input is considered, a reasonable balance between
heat input and heat accommodated by various mechanisms can be calculated.

The effectiveness of a charring ablator as measured by back surface tempera-
ture rise is strongly influenced by the oxygen concentration in the test stream.
The effectiveness of phenolic nylon tested in nitrogen is more than 70 percent
higher than the effectiveness of the same material tested in air.

Tangley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., November 12, 1963.
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APPENDIX
ANALYSTS OF OXIDATTON

The oxidation of carbon surfaces in hot airstreams has been extensively
studied analytically. (See refs. 10 to 12.) It is found that at low surface
temperatures the rate of oxidation of carbon is controlled by the reaction
rates. However, at higher surface temperatures the process is diffusion con-
trolled; that is, the rate of oxidation is limited by the quantity of oxygen
diffusing to the surface through the boundary layer. For porous carbon sur-
faces, the temperature at which the process becomes diffusion controlled is
lower than it is for nonporous surfaces.

The char layer that is formed when charring ablators are heated tends to be
porous, as evidenced by the fact that the gaseous products of pyrolysis transpire
through it. In addition, injection of these pyrolysis products into the boundary
layer reduces the quantity of oxygen diffusing to the surface. Therefore, it is
anticipated that the oxidation of the char surface will be diffusion controlled,
even at relatively low temperatures.

The rate at which oxygen diffuses to the surface is determined from the
boundary-layer equation for conservation of oxygen. This equation is (from
ref. 13):

The energy equation can be expressed in the following form:

Oy oy SO B OH R Qu
P +pvay BYE\TPraYJrE(l NPr>aY] (42)

Equations {Al) and (A2) are based on a nonreacting mixture of two gases having
the same heat capacity. If Npp = 1 or if ou2/dy is small compared with
BH/By, which is wvalid at stagnation regions, eguation (A2) may be expressed
approximately as follows:

i O 4 iy OH _ 3/ u OH
plu <= + pt'v Sy ayeﬁ;; aY> (a3)

The maximum rate of diffusion of oxygen to the surface is obtained when the
concentration of oxygen at the wall vanishes. The boundary conditions for equa-
tions (Al) and (A3) are:
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C =0 (y = 0))

H = Hy (v = O)f\ ()
C —Ce (v =°°)\ (a5)
H - He (v =°°)f

The oxygen concentration and the enthalpy can be replaced by the dimension-
less variables

~ _ C

C = o (A6a)

i{“:H__'_HL (A6D)
He - Hy

(. OC X _ 3 X

o Fron -3 §) e

Wy oy E D[ r &

PraS t ey ay<NPray> (&To)
C=H=0 (y = 0) (ATc)
C=H-1 (v = =) (AT74)

Because of the formal similarity of equations (AT7a) and (A7b) and their
boundary conditions (AT7c) and (A7d), if the solution of equation (ATb) is

i

@(X:Y:NPr) (ABa)
the solution of equation (AT7a) is

c

I

@(X;Y)NSC> (A8b)

where @ _1is the same function in both cases. It is shown in reference 14 that
qJ(x,y,NPr) can be expressed as

0.4
@(X;Y:NPr) = Npr @1(X:Y) (A8C)
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Therefore,

CP(X;y:NSc) = Ngéhtpl(X;Y) (a8a)

The rate at which oxygen diffuses to the wall is

. _ L a
m(OE) = Ce<NS_C -é-y—>w (A9 )

The aerodynamic heating rate is

a, = (He - Hy) (—N‘;fr %)W (A9b)

The ratio of rate of diffusion of oxygen to the surface to rate of heat transfer
is

= -0.6 Bcpl(x,y)
- (e Z G
m(o2) - Ce Sc oy wo_ Ce Wo_ Ce NO.6 (A9c)
dc He - Hy <_[_l_ iﬁ) He - Hy [uN-O'6 &Pl(x,y)] He - Hy Le
NPI‘ By - Pr ay W
Therefore,
. 0.6 e
m(Og) = CeNLe m (AlO)

With Npe = 1 and based on the assumption that the energy and concentration

boundary-layer thicknesses are equal, this result can be applied to turbulent
flow.

The convective heating rate that is obtained with mass injection can be
expressed approximately in terms of the rate of injection and the convective
heating rate with no injection as follows:

de = Qc,o0 ~ W(He - Hw)(ﬁc + ﬁ@o (A11)

Equation (All) is based on a linear approximation of ablation theory. (See
refs. 15 and 16.)
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Char Removal

The rate of char removal is
m, = Ni(0p) (a12)

where A 1is the weight of char removed per unit weight of oxygen diffusing to
the surface. It may be assumed that all the available oxygen reacts with the
carbonaceous char. In reality, the products of pyrolysis are also avallable for
reaction at the surface or in the boundary layer. The extent to which these
products enter in the reaction processes can be determined analytically only by
a detailed aerothermochemical analysis. These effects can be studied parametri-
cally from the present analysis by adjusting the values of A and Ahy. For
example, if the reaction at the surface is

2C + 05 — 2C0

and all the available oxygen reacts with the char, A = 3/4. However, if only

one-half of the available oxygen reacts with the char, A = 5/8 instead of 5/4.
In the present analysis it has been assumed that all the available oxygen reacts
with the char. From equations (A10), (All), and (Al2), the rate of char removal

by oxidation is

0.6

ACeN q
Ii[ = © Le < 50 - T]If].p) (Al5)

C
1+ ?\nCeNge'6 He - Iw

Combustive heating.- The oxidation of carbon is an exothermic process. For
a surface reaction such as the one under consideration, it is anticipated that
virtually all the heat generated by the reaction will be absorbed by the surface.
This conclusion follows from the inability of the heat thus generated to flow to
the higher temperature regions exterior to the surface. The combustive heating

rate is

q] = medh) (A1k)

where Ahy is the heat of combustion per unit weight of char.

Heat of Ablation

The significance of this heating can best be understood by determining its
effect on the heat of ablation. The heat of ablation is defined as follows:

_ QC,O + Qr

n

Hp, (415)

where q; 1is net radiant heat input.
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When the surface is subjected to high radiant heating rates (qr > O), use

of the linear approximation leads to considerable error and actual solutions of
the boundary-layer equations must be used (ref. 17) rather than equation (All).
The surface of a charring ablator normally maintains a high temperature, and the
net radiant heat input is negative. Therefore, equation (A11) is valid for
charring ablators for most heating conditions. From an energy balance at the
surface, the rate of mass injection is

+ + q
hele™q il (A16)

Lh

Equations (A10), (A11), (A12), (Aik), (A15), and (Al6) can be combined to yield
the following result:

H - H Hh
G DS—EZEI_jil + nCeN%é6K Zﬂi
%: <1+q1“> (A17)
c,0 AHh
1+ CeNO'6A L __4h y 2
Le = Ah He - Hy 9,0
In the absence of combustive heating, q; = 0 and equation (A17) yields
H, Heo - H
2 -1 +ngE——¥ Al'7a
= n =5 (A17a)
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